A previously described isozyme polymorphism at one of two skeletal muscle LdhA loci in brown trout is due to a null allele, LdhZ(n), producing no detectable catalytic activity. Homozygotes for this allele have approximately only 56% of the LDH activity in skeletal muscle relative to homozygotes for the active allele. The remaining activity results from enzyme subunits produced by other LDH loci. The LdhZ(n) allele is common and widespread throughout brown trout populations in Sweden and is also found in populations from Ireland. The persistence of duplicate gene expression for the LdhA loci in almost all saimonid species is best explained by natural selection against individuals containing null alleles. However, there is no indication of natural selection against brown trout with the LdhZ(n) allele: We suggest that the selection against individuals containing null alleles that is apparently responsible for the persistence of duplicate LdhA loci in salmonids occurs only under certain environmental conditions.
Introduction
The incorporation of duplicate genes into the genomes of vertebrates has played an important evolutionary role (Ohno 1970; Fisher et al. 1980) . Recent studies with several groups of polyploid fishes have examined the structural and regulatory divergence of many pairs of duplicated loci (reviewed in Li [1980] ). A common finding is that approximately half of the duplicate genes no longer produce a detectable enzyme product. The loss of duplicate gene expression is thus apparently a frequent occurrence.
Haldane (1933) first suggested that one of two duplicate loci may become nonfunctional through the fixation of mutations at one locus, while the other locus continued to perform the original function. This process was first mathematically treated deterministically by Fisher (1935) and stochastically by Nei and Roychoudhury (1973) . The studies of duplicate genes in polyploid fishes have stimulated a series of recent papers theoretically examining the expected rate of loss, by any means, of duplicate gene expression by the fixation of alleles producing no detectable enzyme, that is, null alleles. The different models described in those papers have been reviewed by Li (1980) . These papers have raised several important questions relating to the process resulting in the observed gene silencing. An important consideration in discriminating among possible models is the frequency of null alleles at loci that have retained duplicate gene expression (Li 1980) .
We have described an electrophoretic polymorphism for a skeletal muscle lactate dehydrogenase (LDH, EC 1.1.1.27) locus (L&l) in brown trout (Sulmo trutlu) that is due to an allelic product that either comigrates with the products of the other muscle LDH locus (L&2) or has no enzyme activity (Allendorf et al. 1976 ). This paper shows that this polymorphism is caused by a null allele that is widespread and is present in high frequencies in some Swedish populations of brown trout.
Material and Methods
The samples were collected for various purposes in an ongoing study of genetic variability in natural populations and hatchery stocks of brown trout in Sweden. The geographic locations of the sample sites are shown on the map in figure I . Most lakes are in alpine areas in central and northern Sweden. The majority of fish were caught with gill nets of varying mesh sizes. A section of skeletal muscle was taken from behind the head of every specimen and brought to the laboratory for freezing (-60 C) until electrophoresis was performed. Ldhl phenotypes. We first did this by comparing the amount of LDHA activity in the two homozygous phenotypes using the visual end-point method of Klebe (1975) . This procedure has been found to produce results with salmonid LDHA isozymes essentially identical to those obtained by densitometry of the bands on a starch gel under conditions in which the formazan deposition is linearly proportional to the enzyme units of LDH present (Lim and Bailey 1977) . This was done using electrophoretic buffer system B because all five LDHA isozymes comigrate under those conditions. Comparison of 20 common homozygotes and five variant homozygotes showed that there is approximately twice the amount of LDHA activity per unit weight of muscle tissue in fish that are common homozygotes. This finding supports the model of the variant allele producing no detectable enzyme activity.
To estimate more accurately the relative amount of LDHA activity, we assayed the relative rate of reduction of NAD by spectrophotometric measurement in three separate crude muscle extracts from each of five fish of each phenotype (table 1) . The heterozygotes and null homozygotes had an average of 88.7% and 55.8% of the average specific activity of the common homozygotes. A variance analysis of these data estimates 3.8% of the variation to be due to differences between samples within individual fish, 5.0% between fish with the same genotype (F]12,291 = 4.91, P < .OOl), and 91.2% between genotypes (F[2,12] = 73.43; P < ,001). Therefore, we conclude that this polymorphism is caused by a null allele, Ldhl(n), because of the nearly 45% reduction in total muscle LDH activity in fish having the null homozygous genotype. Remaining activity results from enzyme subunits by other LDH loci.
A variety of potential genetic mechanisms for producing a null allele are possible: suppression of transcription or translation, or the production of an inactive enzyme via a nucleotide substitution, premature chain termination, or a deletion. Currently we cannot discriminate among these possibilities. However, intensive screening for null mutations of alcohol dehydrogenase and xanthine dehydrogenase in Drosophila melanogaster has detected many null mutants, almost all of which have been found to produce inactive proteins (Gelbart et al. 1976; Schwartz and Sofer 1976) .
Geographic Distribution
The Ldhl null allele is widespread in brown trout populations throughout Sweden (table 2 and fig. 1 ). Because of the difficulty in distinguishing heterozygotes, we have treated this system as a simple recessive when estimating allelic frequencies from natural populations. Table 2 includes all population samples in which more than 30 individuals were examined for Ldhl variation. There is no apparent pattern in the geographical distribution of allele frequencies of these 54 population samples.
Discussion
Brown trout are polymorphic for the number of loci coding for LDH. At least one population, Lake Bunnersjoarna (deme II of Ryman et al. [ 1979] ), has apparently become fixed for the null allele at Ldhl so that these fish have only four loci producing LDH. Populations throughout Sweden are polymorphic for the null allele at intermediate frequencies.
It is difficult to get a clear picture of the distribution and frequency of the null allele because it is treated as a recessive allele. Fourteen of the 54 samples contained at least one Ldhl (n/n) homozygote. The probability of not detecting a null homozygote with an allele frequency of 4 with a sample size of N is (1 -@)N. Thus, there is a 61% chance of not detecting a null allele with an allele frequency of 0.10 with a sample size of 50 individuals. These results are thus consistent with the null allele being widespread in Swedish populations of brown trout. An allele producing a similar one-banded phenotype has also been detected in a population of brown trout in Ireland (Taggart et al. 1981) . Such an allele is thus apparently widespread in brown trout throughout northern Europe.
Salmonid LdhA Loci
Lim and Bailey (1977) have described some biochemical properties of the isozymes produced by the two LdhA loci of chinook salmon (Oncorhynchus tshawytscha) and brown trout. They found no significant differences between the Ldhl and Ldh2 homotetrameric isozymes of brown trout in several catalytic properties (Michaelis constants, substrate [pyruvate] optima, and resistance to product inhibition by L [ +] -lactate). They concluded that the products of these two loci are probably catalytically equivalent enzyme subunits in vivo. They did find, however, that the subunits produced by the Ldhl and 2 loci of chinook salmon differ by some 12-25 amino acid residues per subunit. This is similar to the amount of divergence they had previously reported between the two LdhB loci of chinook salmon (eight to 25 residues per subunit); this is equivalent to the amount of divergence expected after approximately 100 million years of divergence, if one assumes equal and constant rates of evolution (Lim et al. 1975) .
Most salmonids apparently have retained both LdhA loci. The arctic grayling (Thyrnallus arcticus) and pygmy whitefish (Prosopium coulteri) are the two possible exceptions. Only a single LDHA isozyme has been detected in these species (unpublished data). Electrophoretic variation for LDHA in grayling indicates that only a single locus codes for this enzyme (unpublished data). Lynch and Vyse (1979), however, claim to have detected evidence of two LdhA loci in the Arctic grayling. Klar and Stalnaker (1979) have reported an apparent null allele at the Ldh2 locus of cutthroat trout (Salmo clarki). Lim and Bailey (1977) have suggested that one of the LdhA loci in Pacific salmon (Oncorhynchus spp.) may be in the process of gradually being lost by the accumulation of regulatory mutations that reduce the synthesis of the products of one of the loci. However, such mutations resulting in a small reduction in gene expression should occur and be incorporated at both loci. This process would result in the retention of both loci with reduced expression. We would suggest, therefore, that the accumulation of such regulatory mutants reducing expression may in fact be responsible for the retention of the duplicate LdhA loci in salmonids.
Frequency of Null Alleles
Enzymatically inactive alleles are rare in populations of diploids. Null alleles have been found to occur at a mean frequency of 0.0024 at 20 autosomal loci in two populations of Drosophila melanogaster (Voelker et al. 1980; Langley et al. 1981) . Mean frequencies of null alleles similar to this have been found in populations of ponderosa and red pine (0.0031 at 29 loci in Pinus ponderosa and 0.0028 at 27 loci in P. resinosa; Allendorfet al. [ 1983~1) . The low frequency of null alleles is apparently best explained by some reduction in fitness of heterozygotes for null alleles (Langley et al. 1981) . Loci that produce enzymes whose in vivo activities are not well known (e.g., esterases) are an exception to the dearth of null alleles in diploids (Burns and Johnson 1967).
As expected, null alleles are more common at the many duplicated loci in salmonid fish (Stoneking et al. 1981) . Engel et al. (1973) have described a null allele polymorphism at one of two apparently functionally equivalent LDH loci in the polyploid carp (Cypvinus carpio). Null alleles are apparently quite rare, however, at duplicated enzyme loci in the tetraploid derived catostomids (Ferris and Whitt 1979) . This difference between the catostomids and salmonids suggests that the process of gene silencing continues in salmonids but not catostomids. This conclusion is in agreement with observations of duplicate loci in salmonids that still have not completed the process of diploidization (Wright et al. 1983) ; this is in contrast to the catostomids in which all duplicate loci show structural and/or regulatory divergence (Ferris and Whitt 1979) . Null alleles may also be rare in catostomids because of smaller population sizes (Li 1980) . Li (1980) has shown that "during the course of gene silencing the population is usually monomorphic for the normal allele if the population is small, but is polymorphic the majority of the time if the population is large."
Models for Loss of Duplicate Gene Expression
The LdhA loci are unusual in comparison with other duplicated loci in salmonids. The loss of expression of one of the duplicate genes has been a common occurrence (Allendorf et al. 1975; Allendorf 1978; May et al. 1980) . Those pairs where both loci retain expression usually show one of two characteristics. Either the loci have evolved different tissue-specific expression or the loci have not yet completely evolved disomic inheritance (Wright et al. 1981; May et al. 1982) . In the first case the loci are no longer "functional" duplicates because some tissues have only one or the other expressed. Thus, the loss of activity of one locus cannot be compensated for by the other locus in those tissues in which they are not both expressed. In the second case, both loci are expected to have similar frequencies of alleles because they cannot diverge until they have become genetically distinct via disomic inheritance. Therefore, a null allele cannot be common at one locus without being present at the other locus as well. Thus, selection against the null allele would remain effective at both loci.
The LdhA loci fit neither of these characteristics. There is no evidence of any tissue-specific differences between the two loci. The estimated time of divergence of the two loci based on amino acid differences (Lim et al. 1975 ) is evidence that these loci have been diverging for a very long time. The retention of both loci is therefore somewhat of a puzzle. We next consider those models for loss of duplicate gene expression that have been presented. Allendorf (1979) has considered a model in which there is selection for a reduced amount of enzyme activity at duplicate loci. As expected, loss of duplicate gene expression occurs quite rapidly with this model. This model, therefore, does not apply to salmonid LdhA in which duplicate gene expression has been retained in almost all species.
Many authors have considered the rate of loss of duplicate gene expression when all genotypes have equal fitness, except for a reduction in the fitness of the double homozygotes for a null allele (reviewed in Li [ 19801) . Even with this model, it is highly unlikely that duplicate gene expression would be retained after millions of years of divergence of the two loci. For example, with a null mutation rate of 10~" and a population size of 10,000, the expected median number of generations until loss of duplicate gene expression is 120,000 generations (Li 1980). Li (1980) has argued that the slow rate of gene silencing in salmonids can be at least partially explained by recent establishment of disomic segregation or regulatory divergence of the two genes. As discussed previously, neither of the conditions apparently applies to salmonid LdhA genes.
We are therefore left with a third model of gene silencing in which all genotypes containing the null allele are selected against (Takahata and Maruyama 1979) . These authors believe that this pattern of selection may be responsible for the slow rate of gene silencing in salmonids. This pattern of selection is apparently the best explanation for the retention of both LdhA loci in almost all salmonid species.
Can this pattern of selection be reconciled with the observed distribution of a null allele at Ldhl in brown trout? The high frequency and widespread occurrence of the LdhZ(n) allele would indicate that this allele is currently not being strongly selected against. However, the effects on fitness of a null allele will vary with species and environmental conditions. For example, reduced amounts of muscle LDH activity may have no effects on trout living in a hatchery or in a lake. Such reductions, however, may be significant in trout living or making spawning migrations through fast-flowing streams and rivers. These ideas could be tested directly by comparing the endurance of fish with and without LDHl activity. Studies with the rainbow trout have shown that the absence of the activity of enzymes produced by individual loci can have important phenotypic effects (Allendorf et al. 19836; Leary et al. 1983 
